Myofibril stability is required for normal muscle function and maintenance. Mutations that disrupt myofibril stability result in individuals who develop progressive muscle wasting, or muscular dystrophy, and premature mortality. Here we present our investigations of the Drosophila l(2)thin [l(2)tn] mutant. The "thin" phenotype exhibits features of the human muscular disease phenotype in that tn mutant larvae show progressive muscular degeneration. Loss-of-function and rescue experiments determined that l(2)tn is allelic to the tn locus [previously annotated as both CG15105 and another b-box affiliate (abba)]. tn encodes a TRIM (tripartite motif) containing protein highly expressed in skeletal muscle and is orthologous to the human limb-girdle muscular dystrophy type 2H disease gene Trim32. Thin protein is localized at the Z-disk in muscle, but l(2)tn mutants showed no genetic interaction with mutants affecting the Z-line-associated protein muscle LIM protein 84B. l(2)tn, along with loss-of-function mutants generated for tn, showed no relative mislocalization of the Z-disk proteins α-Actinin and muscle LIM protein 84B. In contrast, tn mutants had significant disorganization of the costameric orthologs β-integrin, Spectrin, Talin, and Vinculin, and we present the initial description for the costamere, a key muscle stability complex, in Drosophila. Our studies demonstrate that myofibrils progressively unbundle in flies that lack Thin function through progressive costamere breakdown. Due to the high conservation of these structures in animals, we demonstrate a previously unknown role for TRIM32 proteins in myofibril stability. muscle degeneration | TRIM protein | LGMD2H
D
egenerative muscle disease results from mutations in genes that are diverse in function (1) (2) (3) . Muscle degeneration in the cell can result from the force-dependent disruption of subcellular membranes and/or internal cellular architecture, which unbundles normal myofibril organization and prevents proper function of the myofibrils (1, 3) . Progressive degenerative muscle disease, such as muscular dystrophy, worsens over time because myofibril elements are disrupted and are unable to be properly processed or replaced in muscle (1, 3) . Widespread muscle degeneration impacts other organ systems, such as the respiratory and circulatory circuits, that rely on healthy muscle for proper function and support. Failure of these systems in individuals with degenerative muscle disorders often results in reduced life span after a protracted disease progression, limited mobility, and decreased quality of life (1, 3) .
Many genes that are now known to be required in muscle tissue were originally discovered to be mutated in individuals with degenerative muscle disorders (1, 3) . Investigations of such genes in both human and model systems have enabled researchers to build models of the conserved elements of muscle structure and function (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Disruptions in sarcoglycan genes (α-, β-, γ-, or δ-sarcoglycan) prevent the proper production of these sarcolemmal transmembrane proteins (4) (5) (6) (7) (8) . Consequent aberrant function (sarcoglycanopathy) in humans results in multiple forms of limb-girdle muscular dystrophy (LGMD), a heterogeneous disease characterized by progressive muscle wasting of the limb, trunk, shoulder, and pelvic muscles (9) . Emery-Dreifuss muscular dystrophy (EMD) can result from mutations in either emerin or the gene LMNA (lamin A/C), which are proteins that interact with the nucleoskeleton and/or nuclear components to maintain nuclear envelope architecture (10) . Mutations in Dystrophin, a protein central to muscle cell stability that functions as a linkage between actin filaments to the cell membrane, result in individuals with Duchenne or Becker muscular dystrophy (11) (12) (13) . Identification of these disease genes, as well as an understanding of the roles that they play in normal healthy muscle, is central to diagnosis and the development of more effective therapies.
Mutations in the E3 ubiquitin ligase TRIM32 result in individuals with Bardet-Biedl syndrome, a pleiotropic human disease, or limb-girdle muscular dystrophy 2H (LGMD2H) (14) (15) (16) ). The mouse model was used to confirm that TRIM32 is highly expressed in muscle and accumulates during muscle remodeling (17, 18) . Disruptions in murine TRIM32 were able to recapitulate the myopathies observed in human LGMD2H (17) (18) (19) . Muscle studies conducted using the mouse model have shown the murine ortholog of Trim32 to be diverse in function as it has the ability to bind myosin and ubiquitinate actin and to interact directly with the dystrophin-associated complex member, dysbindin (17) (18) (19) . Nevertheless, there is still much to learn concerning a mechanistic understanding of the nature of cellular-level breakdown involving the specific mutations in Trim32 that lead to myofibril disorganization and muscular dystrophy.
The genetically tractable Drosophila model has established itself as an efficient system for understanding human disease (20) (21) (22) . In this report, we describe our analysis of a muscle degenerative mutant in Drosophila for which the affected gene is orthologous to TRIM32. Our analyses demonstrate that costamere structure is lost in the Drosophila mutants and suggest that compromised costamere function could contribute to the mechanism(s) of LGMD2H in humans.
Results
thin Is a Human Trim32 Ortholog. The original l(2)thin [l(2)tn] mutation was described by Ball et al. (23) as a muscle degenerative mutant in Drosophila. To analyze the "thin" phenotype and further map the mutation, we crossed the l(2)tn allele to deficiency stocks either within or spanning the original mapped region of l(2)tn [2R: 55D-56B (1)]. We found that the l(2)tn chromosome was lethal in combination with Df(2R)Exel6068 but not with Df(2R) Exel6067 or Df(2R)BSC349, enabling us to narrow the location of the l(2)tn locus to a small section of chromosome II. This molecularly defined genomic region contained only eleven candidate genes (Fig. 1A ). Among these genes was CG15105/another b-box affiliate (abba), an ortholog of human Trim32, a gene that is required for muscle maintenance and stability and is mutated in patients with LGMD2H. Comparisons of domain structure and amino acid sequence that confirm this orthology are shown in Fig. S1 .
Compared with wild type (WT) (Fig. 1B) , l(2)tn/Df animals produced pupae that were thin and long (Fig. 1C) . In L3 larval muscles, in contrast to WT (Fig. 1D) , "thin" mutant skeletal muscles were narrower, round in cross-section, and relatively loose at the attachment sites (Fig. 1E) . At higher magnification, WT muscles were oval in cross-section and showed aligned sarcomeres within the tightly bundled myofibrils ( Fig. 1 F and H) . WT muscles also had evenly spaced, linearly organized nuclei aligned along the midline of each muscle (Fig. S2A) . Gaps between the myofibrils were apparent in tn mutants, as the fibers appeared unbundled at higher magnification ( Fig. 1 G and I) . There was also irregular clustering of nuclei within the mutant muscle cells (Fig. S2B) . The elongated pupal case results from the inability of the musculature to compact the animal at the onset of pupariation (23) .
tn Is Allelic to abba and the Encoded Protein Is Localized to the Z-Disk in Muscle. We next sought to determine if l(2)tn is allelic to the annotated abba gene. UAS-RNAi lines specific for abba were crossed to the muscle driver 24B-Gal4 to generate knockdown animals (24B > abbaRNAi). We also created abba deletion alleles (tn ΔA and tn ΔB ) by standard Minos-mediated excision techniques (24) as well as a rescue allele (UAS-abba) for use in a double-mutant background (UAS-abba Df/tn ΔA ;24B). Both 24B > abbaRNAi and tn ΔA /Df animals recapitulated the thin pupal phenotype (Fig. 2 A and B) , whereas the rescue animals had partial-to-full restoration of the WT pupal phenotype (Fig. 2C) . Whole mounts of L3 larval skeletal muscle for the tn ΔA /Df and RNAi knockdown animals phenocopied the thinner, looser musculature observed in l(2)tn/Df animals ( Fig. 2 D and E) . UAS-abba Df/tn ΔA ;24B animals generally showed a WT myofibrillar organization (Fig. 2F) . High-resolution images of muscle from both 24B > abbaRNAi and tn ΔA /Df animals ( Fig. 2 G, J, and K) revealed the same myofiber instability and unbundling as seen in l(2)tn/Df homozygotes ( Fig. 1 G and I) , whereas rescue muscles were relatively more stable and had sarcomeres appearing in register (Fig. 2L) .
We further characterized the thin phenotype quantitatively by measuring the axial ratios between groups of mutants and WT pupae (Fig. 2M) . The length/width ratios of pupae between l(2)tn/ Df, l(2)tn/tn ΔA , l(2)tn/tn ΔB , and 24B > abbaRNAi groups were substantially higher and displayed a greater degree of variability around the mean compared with WT and rescue (UAS-abba Df/ tn ΔA ;24B) values. Lethal phase determination of l(2)tn allelic combinations revealed that mutant animals died at two stagespecific time points in the Drosophila life cycle. A large proportion of l(2)tn/Df, l(2)tn/tn ΔA , l(2)tn/tn ΔB , and 24B > abbaRNAi animals died in embryogenesis. Remarkably, either very low numbers or no mutant individuals were lost during the larval stages. Animals that survived through the larval stages died as pupae, and the rescue animals mostly eclosed as adults. Our lethality data suggested that the l(2)tn allele may be a hypomorph as more animals survived until the pupal stage. These data, together with the degenerative phenotypes observed in the muscles of all mutant L3 larvae, provide strong evidence that the original l(2)tn mutation affects the CG15105/abba gene, which we name tn.
Given that tn gene function is essential for myofiber stability, we next sought to determine the spatial and temporal accumulation of Thin protein during development. In embryos, tn mRNA and protein were expressed in the skeletal muscle precursors ( Fig. 3 A and D) and remained high in a muscle-specific pattern until the completion of embryonic muscle development ( Fig. 3 B and E). l(2)tn/Df animals showed a marked reduction in accumulation of tn mRNA, but the signal remained muscle specific (Fig. 3C ). This muscle-specific, yet reduced, accumulation was also observed in l(2)tn/Df mutant embryos immunostained for Thin protein expression (Fig. 3F ) and supports the idea that the l(2)tn allele is a hypomorphic allele. Through sequencing of cDNA for tn we did not observe any amino acid changes, suggesting that the original l(2)tn mutation might affect the regulatory regions of this gene.
Thin protein accumulation in WT animals was also detected in the mature muscles of L3 larvae and localized in a striated pattern across the muscle (Fig. 3G) . Immunolocalization with the Z-disk-associated protein muscle LIM protein 84B (MLP84B) (Fig. 3H ) revealed overlap between Thin and MLP84B at the Z-disks (Fig. 3I) . Because there was a small amount of Thin accumulation in the l(2)tn/Df mutants, we examined 24B > abbaRNAi progeny to test the sensitivity and specificity of our anti-Thin antibodies ( Fig. 3 J-L). Relative to WT, Thin accumulation was depleted at the Z-lines of the mutant muscles, and no other staining in muscle was present ( Fig. 3 J and L) . MLP84B remained present and localized within the disrupted myofibrils of 24B > abbaRNAi animals ( Fig. 3 K and L) . Together, these data demonstrate that the Thin protein is expressed within muscle tissue and that the encoded protein is closely associated with the muscle sarcomere, consistent with our demonstrated role for this protein in muscle maintenance.
tn Mutants Reveal No Genetic Interaction with mlp84B and sls. The localization of Thin to the Z-disk raised the possibility that Thin associates with Z-line proteins already known to have roles in myofiber stability. To test this hypothesis, we performed genetic interaction analyses to determine if the l(2)tn allele enhanced the thin pupal phenotypes of mutations in mlp84B or the titin gene sallimus (Table S1) . Mutants for tn, mlp84B, and salimus/D-titin (sls) alone each produced pupa with a "thin-like" phenotype, observable as higher axial ratios compared with WT ( Fig. 4) (25) . Both mlp84B and sls mutants exhibited a lesser thin phenotype compared with tn mutants (Fig. 4) . Removal of one copy of mlp84B or sls in a l(2)tn/tn ΔA background did not enhance the thin phenotype over l(2)tn/tn ΔA individuals alone (Fig. 2M ). An increased axial ratio was observed upon removal of one copy of sls in mlp84B homozygotes, consistent with the published genetic interactions between these two genes (25) . Taken together, these results suggest that either there is no interaction between l(2)tn and sls and/or mlp84B, or the full thin phenotype observed in l(2) tn/tn ΔA homozygotes and sls/mlp84B interaction crosses is the most extreme incarnation of the "thin" phenotype, leaving any genetic interaction unobservable in this phenotype. Vertebrate TRIM32 can bind to the thick filament protein myosin and ubiquitinates actin (17) . To determine if these and other sarcomeric components are altered upon loss of tn, we analyzed the expression and localization of key muscle proteins in our mutants. WT animals stained for α-Actinin or MLP84B showed specific localization to the Z-disk in well-organized sarcomeres ( Fig. 5 A and B) . Also, myosin heavy chain (MHC) and tropomyosin (TM) were found organized as cross-striations within the tightly bundled myofibrils of normal muscle (Fig. 5 C  and D) . α-Actinin, MLP84B, MHC, and TM were all present in both l(2)tn/Df and tn ΔA /Df muscle. The key differences were in Fig. 5 H and L) were present, but mislocalized, in the mutants. Rather than retaining a periodic localization within the sarcomeres, both MHC and TM accumulated along the sarcolemmal membrane in globular structures. These results, combined with the observation that both MHC and TM accumulate normally in embryos mutant for tn, suggested that myofibril destabilization occurs in actively contracting muscles upon loss of Thin.
The degenerative muscle phenotype was further examined by comparing the relative state(s) of myofibrillar unbundling in confocal sections through the z axis in WT and mutant muscle preparations of the genotype tn ΔA /Df (Fig. 5 M and N) . Myofibrils of muscle cells became unbundled directionally: the muscle unbundling phenotype was more severe toward the visceral surface of the muscle (Fig. 5M) , but appeared to retain a more WT appearance toward the most lateral (i.e., closest to the cuticle) region of the cell (Fig. 5N) . We hypothesize that the loss of Thin in actively crawling larvae could be temporarily compensated for by a steady-pressure force directed from the cuticle. Muscle in older individuals appeared to have a greater degree of degeneration than that of younger individuals. This is consistent with the observations of Ball et al. (23) that suggest that the loss of tn results in progressive muscle degeneration that manifests in the unbundling of myofibrils as well as the dislodging of specific sarcomeric proteins. This evidence also supports the role of Thin as a stabilizing protein in the structural maintenance of muscle.
In vertebrates, the costamere is positioned at the Z-disk of the sarcomere and links the myofibrils to the overlying sarcolemma to provide sustained stability of the myofibrillar apparatus with the sarcolemma during muscle contraction. Although implied, the existence of costameres has not yet been demonstrated in flies (26, 27) . Drosophila orthologs of the costameric proteins β-Integrin, Talin, Spectrin, and Vinculin exist and could play conserved roles in muscle stability and function (28) . Given the nature of the physical breakdowns in the musculature of tn mutants, we next sought to determine the existence of the costamere in larval skeletal muscles.
In WT larvae, β-integrin, Talin, Spectrin, and Vinculin were present in cross-striations overlying the Z-disk (Fig. 6 ). To confirm that these proteins were localized to a position in fly muscles similar to the position of the costamere in vertebrate muscles, confocal sections through the z axis were collected. These micrographs clearly showed that the components of the Vinculin-Talin-Integrin complex, along with Spectrin, exist in flies (Fig. 6) . Furthermore, these proteins remain conserved as Zline-associated structures between the myofibrils and the overlying sarcolemma. Scans through the center of the bundle of myofibrils showed that β-integrin, Talin, Spectrin, and Vinculin do not appear at the internal Z-lines (Fig. 6) , as also seen for these proteins in vertebrate muscles. Thus, proteins that compose the vertebrate costamere have orthologs that accumulate in Drosophila larval muscles in a pattern highly reminiscent of the costamere. We conclude that costameres exist in Drosophila larval body-wall muscles and that the structure of the costamere shares many similarities with vertebrate costameres.
We next tested if a loss of Thin has an impact on the stability of costamere-associated proteins in muscle tissue. The spatial organization of β-integrin, Talin, Spectrin, and Vinculin was examined in tn ΔA /Df animals. The distribution and accumulation of β-integrin was normal in embryonic development in both mutant and WT embryos. (Fig. S3) . However, in mutant larvae, we observed a similar phenotype for β-integrin, Talin, Spectrin, and Vinculin (Fig. 6 ), where these proteins no longer retained localization at the Z-disk and were randomly distributed along the membrane of the sarcolemma. In addition, noncostameric, trans-sarcolemmal proteins such as δ-sarcoglycan (Fig. S4 ) also showed widespread mislocalization due to tn loss of function. From this evidence, we conclude that Thin is required for maintaining proper costamere stability in muscle and that loss of Tn ultimately results in the degenerative muscle phenotype characteristic of tn mutants. 
Discussion
This work demonstrates that Thin is a key structural protein in maintaining myofibrillar stability. Myofibrils in tn mutants progressively unbundled during development, most likely due to a loss of costamere integrity. Over time, this results in progressive muscle wasting. Gaps in the myofibrils of tn mutants may be analogous to gaps in the myofibrils of diseased muscle tissue from individuals with muscle myopathy that also displays myofibrillar disorganization and abnormal vacuole position (1) . The myofibril defects that we observe in Drosophila are more extensive than those observed for TRIM32 deficits in mammals, suggesting that Thin has a greater functional role in muscle than do the vertebrate orthologs. Because it is likely that multiple mechanisms cooperate to produce the muscle breakdown that occurs in humans suffering from LGMD2H, the role of Thin in maintaining myofiber stability could be one contributing factor.
Antibodies generated during this study showed that Thin is expressed in muscle and localizes at the Z-line. This is consistent with the Z-line localization observed for murine TRIM32 (18) . Given the high level of conservation from sequence to muscle phenotypes of both tn and Trim32 mutants, further studies using tn mutants will serve as a good model for understanding the molecular mechanisms underlying LGMD2H. Moreover, the apparent single Trim32 ortholog in flies allows for the direct examination of Thin function in myofibril stability without the potential complication of redundancy with other TRIM domain proteins.
We also illustrate in detail in Drosophila a detailed characterization of the muscle stability complex known in vertebrates as the costamere. Our observations place the costameric proteins β-integrin, Talin, Spectrin, and Vinculin at the Z-line on the periphery of the myofibers in flies. Loss of tn in flies leads to the disintegration of these core components and the overall breakdown of the costamere. Our phenotypic studies indicate that stability of the costameres is central to keeping sarcomeres in register and to preventing myofibrillar unbundling. Secondarily, muscle proteins such as MHC and TM are dependent on this complex for proper localization or stability.
Studies here assign a molecular role for a mutant first described over 20 y ago and named l(2)tn for its elongated, thin pupal phenotype (23) . Our analysis of the l(2)tn allele shows that there is some residual transcript expression in the embryonic musculature compared with WT. Also, a substantially larger proportion of l(2)tn/Df mutants survive until the pupal stages compared with the earlier lethality observed in the tn deletion alleles or 24B > abbaRNAi knockdown. This indicates that l(2)tn is likely a hypomorphic allele and that there is a minimal requirement for Thin accumulation to maintain normal muscle stability. Interestingly, muscles form normally in tn knockout mutants, indicating that Thin is required for myofibril stability, but not required for initial myofibril formation.
Our data position Thin in close proximity to the costamere complex, and reveal it is associated with the Z-disk in more central muscle areas. Based on the relative positions of stable versus mislocalized Z-line-associated proteins in tn mutants, Thin function is likely to be critical to sustaining costameric associations between MLP84B and Vinculin or Spectrin, and it must also bind and stabilize/costabilize other proteins in the sarcomere. The Z-line proteins α-Actinin and MLP84B, along with actin, remained associated with the Z-disk in tn mutants. This observation indicates that their localization, other than general myofibril disassociation, was unaffected by the loss of Thin. Dislodged and disorganized accumulations of MHC and TM along the surface of the sarcolemma suggested that Thin could be a possible key anchor point of the myofibril architecture, and future studies aimed at defining binding partners for Thin will be informative in uncovering its molecular function.
The costameres form rings, positioned at the Z-lines of the outermost sarcomeres of myofibril bundles, just below the membrane (27, 28) . These costamere rings provide physical support and stability as the muscle moves and contracts. Although the existence of these structures has been suggested in Drosophila muscle (26, 27) , they had yet to be characterized. Loose, destabilized myofibrils in tn mutants are consistent with a phenotype of muscles that suffer from a lack of stabilizing pressure provided from intact and functional costameres.
How a loss of TRIM32 at the cellular level results in progressive muscle wasting in individuals with LGMD2H is unknown. Insight into TRIM32 is further complicated by its widespread expression and pleiotropic functions as observed in satellite cells as well as in nonmuscle tissues (29) (30) (31) . Although separable from a specific role in muscle cells, loss of TRIM32 prevents satellite cells from proper maturation and proliferation, thus preventing muscle cell replacement and repair (30, 31) . In vitro, the RING domain of TRIM32 has been shown to interact with myosin (17) . This may explain why a loss of function in the fly ortholog results in such a severe phenotype for MHC accumulation, although it does not correlate with the general Z-disk localization of Thin protein. Consistent with the canonical function of RING finger motifs, TRIM32 possesses E3 ubiquitin ligase activity, where both actin and dysbindin are in vitro targets (17, 32, 33) . Mutations that result in LGMD2H affect the C-terminal NHL repeats of TRIM32. Modeling of these repeats suggests that they fold into a β-propeller structure that may mediate protein-protein interactions or TRIM protein dimerization (34) . Recapitulation of the causal mutations found in the NHL domains of LGMD2H patients demonstrate that TRIM32 can become destabilized and therefore lose its relative abundance in the cell (19, 34) . TRIM32 participates in multiple cellular interactions and likely has a variety of roles in the cell.
We envision two additional roles for Thin/TRIM32 in muscle cells, which are not mutually exclusive. First, Thin may serve as a critical link to stabilize the structure of costameric proteins. The individual NHL domains that comprise the β-propeller structure could form a bridge by binding to Vinculin and/or Spectrin near the sarcolemma membrane on one side and to MLP84B anchored at the myofibril Z-line. In this way, Thin/ TRIM32 would function to link costameric proteins, thus stabilizing the structure at a crucial point of intersection between the membrane and myofiber. TRIM32 has been shown to homodimerize (19) . It may be that complexes of homodimers interact to form Thin/TRIM32 multimers to fulfill this role. Second, Thin/ TRIM32 may also function to ubiquitinate sarcomeric proteins, such as Actin, Dysbindin, and possibly MHC (17, 33) . The costamere may be a critical junction for this process, allowing for Thin/TRIM32 to process sarcomeric components as they are either damaged (polyubiquitination) or possibly reintegrated during reloading (monoubiquitination). Future experiments will be needed to elucidate which (or whether both) of these mechanisms predominate in muscle tissue.
Materials and Methods
Standard fly genetics, molecular biology, and immunostaining techniques were used. Antibodies specific for Tn were generated for this project. Details of all constructs, reagents, and protocols are given in SI Materials and Methods.
